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ABSTRACT
Radicals are prevalent in gas-phase environments such as the atmosphere, combustion systems, and the interstellar medium. To understand
the properties of the processes occurring in these environments, it is helpful to study radical reaction systems in isolation—thereby avoiding
competing reactions from impurities. There are very few methods for generating a pure beam of gas-phase radicals, and those that do exist
involve complex setups. Here, we provide a straightforward and versatile solution. A magnetic radical filter (MRF), composed of four Halbach
arrays and two skimming blades, can generate a beam of velocity-selected low-field-seeking hydrogen atoms. As there is no line-of-sight
through the device, all species that are unaffected by the magnetic fields are physically blocked; only the target radicals are successfully guided
around the skimming blades. The positions of the arrays and blades can be adjusted, enabling the velocity distribution of the beam (and
even the target radical species) to be modified. The MRF is employed as a stand-alone device—filtering radicals directly from the source. Our
findings open up the prospect of studying a range of radical reaction systems with a high degree of control over the properties of the radical
reactants.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0020628., s
I. INTRODUCTION
Radicals are abundant in gas-phase environments—they are
present in the atmosphere, the interstellar medium, combustion
environments, and even in our breath. Understanding how radicals
react is therefore relevant for a vast array of multi-disciplinary fields,
including atmospheric chemistry, interstellar modeling, industrial
processes, and the healthcare industry. Despite their prevalence and
importance, there have been very few precise gas-phase studies
of processes involving radical reactants. This lack of experimental
scrutiny can be attributed to the significant challenges associated
with preparing a pure and controllable source of radical reactants;
there are no straightforward methods for generating a pure beam of
state-selected atomic or molecular gas-phase radicals with tuneable
properties.
Gas-phase radicals are readily formed by photolysis, electron
beam irradiation, or electric discharge methods,1–3 and as such, a
number of other (unwanted) species are typically present in the
beam. The filtering of these radicals—the removal of all unwanted
species from the beam—is experimentally challenging. Scientists
have been using external magnetic fields in an attempt to manipu-
late and control beams of paramagnetic particles (radicals) for many
decades. Stern, Gerlach, Rabi, and Ramsey (amongst others) were
early pioneers in the use of inhomogeneous magnetic fields to deflect
the paramagnetic components of a beam.4–8 This is because radicals
in low-field-seeking (LFS) quantum states experience an increase
in potential energy in the presence of an external magnetic field,
enabling the LFS radicals to be separated from other components of
a beam. In a 1980 theory paper, Halbach set out the design of a mag-
netic guide based on an arrangement of permanent multipole mag-
nets.9 Building upon this foundation, the construction of a curved
guide containing an assembly of multipole magnets was experimen-
tally achieved in 1999.10,11 Bent magnetic guides—composed of per-
manent magnets (as described above) or electromagnets—can filter
the radical species of interest from other components of the beam.
Forces generated by the Zeeman effect serve to collimate and “guide”
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the target radicals around the bend; other species are not sufficiently
confined by these forces and so are lost from the beam.
A number of alternative designs have been proposed for bent
magnetic guides, including overlapping pairs of quadrupole coils
and combining current carrying wires with a series of Halbach
arrays.12–14 The curvature of a bent magnetic guide is fixed, chosen
to suit a particular system of interest. As such, there is limited flexi-
bility in the range of radical species that can be guided and no ability
to adjust the velocity range of the transmitted species; a bent guide
can only act as a low-pass velocity filter and therefore cannot provide
continuous tunability in the radical beam velocity. A straight mag-
netic guide, even when combined with multiple differential pumping
stages and preferential focusing of the radical species, typically strug-
gles to remove contaminant species from the beam.15 Combining a
straight magnetic guide (or magnetic hexapole) with a beam stop
located on the central beam axis can achieve good state selectivity,
with the target radical species making up ≥93% of the beam.16,17
However, magnetic hexapoles offer limited control over the veloc-
ity distribution of the radical beam.17,18 Electrostatic hexapoles that
include beam stops or diaphragms have demonstrated excellent state
selectivity and offer some tunability—but this approach can only be
applied to radicals that also possess an electric dipole (such as OH
and NO).19–21
A Zeeman decelerator can generate a beam of slow-moving,
state-selected paramagnetic species, as first demonstrated in
2007.22,23 By switching the current applied to a series of solenoid
coils (and thus switching the magnetic fields generated within the
coils) on and off at carefully synchronized times, the stages of a Zee-
man decelerator can progressively remove kinetic energy from target
radical species. A number of different Zeeman decelerator designs
and switching sequences have been implemented, and a range of
radical species have been successfully decelerated.24–34 However, fil-
tering elements must be added to a Zeeman decelerator to remove
all of the non-decelerated species traveling along the main beam axis
before the apparatus can be interfaced with a stationary target, such
as an ion trap.
A magnetic guide has been demonstrated to successfully filter
the beam coming out of a Zeeman decelerator such that only the
Zeeman-decelerated species of interest reach the detection region.35
Here, we show that the same magnetic guide—termed a Magnetic
Radical Filter (MRF)—can operate as a stand-alone device, generat-
ing a state-selected and velocity-filtered beam of hydrogen atoms. All
contaminant species present in the incoming beam [including seed
gas, precursor molecules, other fragments, and H atoms in high-
field seeking (HFS) states] are removed by the guide. The MRF has
been designed to be combined with an ion trap. Such a combina-
tion will enable important gas-phase reactions involving radicals to
be examined in isolation (i.e., without competing side reactions) for
the first time. Such measurements could provide the missing exper-
imental data needed to improve the accuracy of, for example, com-
plex atmospheric chemistry models—replacing untested predictions
from capture theory calculations.
II. METHODS
Hydrogen atoms in the 1s 2S1/2 ground electronic state are
formed by the photolysis of supersonically expanded NH3 seeded
in Kr (in a 1:9 ratio). Photolysis takes place in a capillary attached to
the face plate of a pulsed valve, enabling the H atoms to undergo fur-
ther collisions before expanding into the vacuum chamber (see Ref.
29 for further details on the production of H atoms using this exper-
imental setup). The resulting hydrogen beam has a broad velocity
distribution peaked at around 500 m s−1, with the full width at
half maximum (FWHM) of the distribution spanning 400 m s−1–
700 m s−1. The presence of hydrogen atoms with low initial velocities
means that the target species (i.e., LFS H atoms traveling at 300 m s−1
or 350 m s−1) can be filtered directly—without the need to first
decelerate the incoming beam.
In the presence of an external magnetic field, the Zeeman effect
splits the energy levels of paramagnetic species. For ground-state
hydrogen atoms, the interaction between electron spin (S = 12 ) and
nuclear spin (I = 12 ) gives rise to hyperfine splitting, resulting in two
LFS (F = 1, mF = + 1, 0) and two HFS (F = 0; F = 1, mF = −1) states
(where F is the total angular momentum and mF is the projection
of F onto the external magnetic field axis). The LFS states are able to
be state-selectively manipulated and filtered with the magnetic guide
employed in this work.
The magnetic guide has been described in detail elsewhere35,36
with the key features presented here. The MRF is composed of four
hexapole magnets arranged in a Halbach array configuration, along
with two skimming blades (see Fig. 1). The Halbach arrays are posi-
tioned along the beam axis, with a skimming blade located after each
pair of arrays. In their optimized configuration for guiding, the cen-
ter of each array is offset from the central beam axis. In this way, each
pair of arrays deflects and collimates the LFS species in the beam;
the first pair directs the target species upward, with the second pair
of arrays returning the species of interest back to the central beam
axis. As the skimming blades extend beyond the central beam axis,
FIG. 1. Schematic illustration of the MRF design. The green cylinders represent
the Halbach arrays, where the two arrays within each pair have the same y dis-
placement with respect to the central beam axis. The skimming blades, indicated
in silver, overlap in y, preventing any line-of-sight transmission through the guide.
The typical trajectories of target particles through the guide are shown; target H
atoms are deflected and collimated by each pair of arrays.
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they break the direct line-of-sight from the source to the detection
region.
Only radicals in LFS states (and traveling at a selected veloc-
ity) can successfully traverse the guide and avoid the blades. All
other particles—radicals traveling at much higher or lower veloci-
ties, radicals in HFS states, seed gases, and precursor molecules—are
deflected to a lesser extent, are defocused, or are not affected by
the magnetic fields. There is a trade-off between achieving a nar-
row velocity distribution in the post-guide beam and in achieving
a high number of state-selected radicals. Increasing the extent to
which the blades penetrate the beam axis increases the velocity selec-
tivity of the guide, at the expense of the intensity of the transmitted
beam. The positions of the blades can be tuned externally (i.e., from
outside the vacuum chamber) using micrometer adjustable actua-
tors. One can therefore establish—and adjust—the optimal balance
between transmission and velocity distribution during the course of
an experiment.
The properties of the species that are preferentially guided by
the MRF are determined by the properties of the Halbach arrays
(remanence B0, internal radius ri, external radius re, and thick-
ness lh) and the relative positions of the arrays. The Halbach arrays
employed in this work (B0 = 1.4 T, ri = 3 mm, re = 7 mm, and
lh = 7 mm) are appropriate for guiding H atoms with velocities span-
ning 200 m s−1–355 m s−1. The specific target velocity is adjusted by
altering the separation between the first and second arrays within
each Halbach array pair using a linear actuator. The optimal config-
uration of the guide elements (i.e., the positions of the arrays and the
blades) for preferentially transmitting the target H atoms is deter-
mined using three-dimensional particle trajectory simulations (see
Ref. 35 for a detailed description of the simulations).
Although we are using the magnetic guide as a stand-alone
beam filter, it should be noted that hydrogen atoms have to travel
some 24 cm before reaching the MRF. This is due to the phys-
ical restrictions of our setup; the beam is required to traverse a
short (12-stage) Zeeman decelerator (with no fields applied to the
coils) before it reaches the start of the MRF. Although the decel-
erator is not in operation, the increased path length significantly
reduces the number of particles from the initial beam that reach the
guide. All of these details are accounted for in the particle trajectory
simulations.
III. RESULTS AND DISCUSSION
Figure 2 presents the Time-of-Flight (TOF) traces recorded
using resonance-enhanced multiphoton ionization (REMPI) detec-
tion of H atoms that reach the target region. A (2 + 1) REMPI scheme
is employed, using the 243 nm output of a frequency-doubled pulsed
dye laser.29 TOF traces are recorded with and without the magnetic
guide in place. When the MRF is in place, experiments are con-
ducted with the guide parameters optimized for two different target
velocities. The difference in configuration lies primarily in the z-axis
separation of the Halbach arrays within each pair. Different veloc-
ities are preferentially transmitted with different array separations
as the separation between the arrays in each pair corresponds to a
distance of 2f (where f is the focal length). Here, the properties of
the magnets are such that LFS H atoms traveling at 350 m s−1 and
300 m s−1 are focused at f = 12.4 mm and 9.4 mm, respectively.
FIG. 2. Experimental and simulated Time-of-Flight (TOF) traces are shown for the
H atoms that successfully reach the detection region. Each plot depicts the TOF
profile recorded without the magnetic guide (“No Guide”) and with the magnetic
guide in place (“Guide”) for target velocities of (a) 350 m s−1 and (b) 300 m s−1.
There is a minor (0.1 mm) difference in the vertical offset of the sec-
ond pair of Halbach arrays between the two sets of experiments. All
other parameters are unchanged between the two magnetic guide
configurations.
The experimental and simulated TOF traces are in excellent
agreement. When the guide is not in place, the TOF traces sim-
ply show the initial velocity distribution of the hydrogen beam. The
modal velocity of the H atoms is ∼500 m s−1, and the TOF traces
recorded without the guide are peaked at ∼570 μs. With the guide in
place, the TOF distributions become narrower, peak later (at around
750 μs), and exhibit a lower intensity. These changes arise from the
removal of the non-target H atoms from the beam. The peak inten-
sity decreases as the target velocity is reduced from 350 m s−1 to
300 m s−1 as there are fewer particles traveling at the lower velocity
in the incoming beam.
Table I displays the difference in the transmission of H atoms
in LFS states traveling at different velocities. The target velocity is
defined as 300 ± 10 m s−1; faster particles are those with velocities
greater than 310 m s−1, and slower particles have velocities below
290 m s−1. In the initial beam, only 1% of all hydrogen atoms in
LFS states travel at the target velocity. With the guide in place, 40%
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TABLE I. The relative amounts of target (300 ± 10 m s−1), slower (<290 m s−1), and faster (>310 m s−1) LFS hydrogen
atoms in the beam that reach the detection region with and without the magnetic guide in place is shown. With the guide in
place, 90% of the target particles are transmitted; 99% of the faster (and 96% of slower) hydrogen atoms in LFS states are
removed from the beam.
% of H atoms in LFS states Target (%) Slower (%) Faster (%)
In the transmitted beam (no guide) 1 1 98
In the transmitted beam (with the guide) 40 3 57
Removed from the beam (with the guide) 10 96 99
of the H atoms that reach the detection region travel at the target
velocity. The magnetic guide removes 99% of the faster H atoms and
96% of the slower H atoms in LFS states from the beam. As illus-
trated in Fig. 3, only H atoms traveling at the target velocity arrive at
the detector with a y distribution that is symmetric about the beam
axis. Faster LFS radicals are deflected downward, whereas slower LFS
radicals are shifted upward. This indicates that future amendments
to the MRF experimental setup (for example, in the form of an iris in
FIG. 3. Simulated distribution of the state-selected H atom beam at the detec-
tion region, plotted along the y-axis, (a) without and (b) with the magnetic guide
in place. The initial beam of H atoms is centered at y = 0 mm. The vast major-
ity of particles in the non-guided beam travel faster than the target velocity, as
depicted by the dark red trace. The blue traces represent the distribution of the tar-
get species (with a velocity of 350 ± 10 m s−1). Particles traveling with a velocity
below the target range are shown in green. The detection region (defined to match
the acceptance of an ion trap) is simulated as a circle with a radius of 1.3 mm,
indicated by the shaded region in plot (b).
front of the detection region) could achieve a significantly narrower
velocity distribution. It should be noted that the choice of target
velocity range here is fairly arbitrary; a very narrow target velocity
range—as selected here—simply serves to illustrate the effectiveness
of the guide.
The way that the various elements of the magnetic guide com-
bine to filter the beam can be seen in the particle trajectory simu-
lations presented in Fig. 4. The passage of H atoms in LFS states
traveling through the magnetic guide at the target velocity (350
± 10 m s−1), and at velocities above and below this narrow target
range, is shown. The majority of radicals traveling at the target veloc-
ity are successfully guided around the blades and into the detection
region. The majority of faster H atoms are physically blocked by the
skimming blades; the small number of faster H atoms in LFS states
that make it past the second skimming blade are deflected away from
FIG. 4. Three-dimensional particle trajectory simulations of a beam of state-
selected H atoms through the guide. The top, middle, and bottom panels show
the trajectories of LFS particles traveling at the target velocity (350 ± 10 m s−1),
faster than the target velocity range, and slower than the target velocity range,
respectively. Beside each panel, color bars indicate the relative intensities of the
particles. The Halbach arrays are represented in the cross section by green rect-
angles, with the skimming blades depicted by vertical white lines. At z = 350 mm,
the small gray region indicates the detection region.
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the target region. Slower H atoms in LFS states are over-focused, and
most of them collide with the blades or are deflected away.
The overlapping of the two blades in the y-axis, which leaves
no direct line-of-sight through the magnetic guide, is a key feature
of the MRF device. All species unaffected by the magnetic fields of
the arrays—seed gas particles, precursor molecules, and other con-
taminant species in the beam—are physically blocked by the blades.
Particle trajectory simulations indicate that no H atoms in HFS states
reach the detection region with the MRF in place. It should be noted
that there is no external magnetic field present beyond the last Hal-
bach array. We therefore cannot rule out the possibility of spin flip
transitions to other non-LFS states (for example, to F = 0) in the
∼100 μs the beam takes to travel from the last array into the detec-
tion region. To avoid the possibility of any spin flips occurring,
and to facilitate the study of spin-polarized hydrogen, a small offset
magnetic field could be applied.
Even though the guide removes some 99% of the H atoms in
LFS states traveling faster than the target species, these faster radi-
cals represent the vast majority of H atoms in the initial distribution.
Only 2% of the H atoms in the incoming beam have a z veloc-
ity ≤310 m s−1. As such, the 1% of the faster LFS hydrogen atoms
that make it to the target region affect the final velocity distribu-
tion; average beam velocities of 394 ± 43 m s−1 and 350 ± 55 m s−1
are observed for target velocities of 350 m s−1 and 300 m s−1, respec-
tively. Straightforward amendments could be made to a second-
generation MRF. For example, an additional focusing element could
be introduced before the guide; the length of the guide could
be extended (so that the same amount of deflection achieves a
larger separation of velocities); an additional element such as an
iris could be placed in front of the detection region. The resultant
stand-alone magnetic guide could act as a versatile filter to gener-
ate state-selected beams of a range of radical species with a nar-
row velocity distribution, directly from an effusive or supersonic
source.
To the best of our knowledge, there is no comparable device
that offers the same degree of state and velocity selectivity for gas-
phase radicals such as H atoms. For example, Zeeman decelerators
can generate slow-moving beams of state-selected radicals with a
very narrow velocity distribution, but they do not block the passage
of any other species through the device. In crossed beam experi-
ments, this lack of beam purity is not an issue as the unwanted
species typically pass through ahead of the radical species of inter-
est. The second (crossed) beam is timed such that it encounters only
the target decelerated species, thereby avoiding any competing side
reactions. This approach does not work with an effectively stationary
target, and decelerated beams require filtering (with a device such as
the MRF)35 prior to being interfaced with static targets such as ion
traps. Bent magnetic guides, such as those cited in the Introduction,
can produce state-selected radical beams. There is some velocity
selectivity with bent guides as only species traveling below a certain
threshold velocity (determined by the radius of the curve and the
strength of the guiding fields) make it around the bend. However, the
velocity distribution of beams generated by a bent guide can be quite
broad, and it is typically not possible to tune this range. Combining a
straight magnetic guide—such as a magnetic hexapole—with a beam
stop has been shown to produce a radical beam with high state selec-
tivity. As the beam stop removes the direct line-of-sight between
the source and the detection region, most contaminant species are
successfully removed from the beam. Precursor species were found
to account for ≤7% and ≤5% of the post-magnetic hexapole beam
in studies of Ar(3P2) and N2(A3Σ+u) radicals, respectively.16,17 As
demonstrated above, the MRF achieves complete state selectivity; in
this work, only state-selected LFS radical species reach the detection
region.
A further study undertaken with a magnetic hexapole and
beam stop apparatus reported the velocity distribution of transmit-
ted He(3S) radicals when different numbers of magnetic hexapole
units were in place. While altering the number of hexapole units
affected the velocity distribution of the post-hexapole beam, the
range of transmitted velocities was found to span several hundred
m s−1 for each configuration considered.18 The number of hexapole
units in a magnetic hexapole guide can only be adjusted by integer
values (i.e., by adding or removing an entire hexapole magnet), and
this cannot be altered under vacuum. The MRF presented in this
work is continuously tuneable, produces a narrower velocity distri-
bution, and the target velocity can be adjusted without the need to
break vacuum. The MRF is also versatile: the Halbach arrays can
be swapped for arrays with different properties, enabling radical
species other than H atoms to be targeted in future work. (Indeed,
the Halbach arrays employed in this study have different proper-
ties to those used when the guide was initially employed in com-
bination with a Zeeman decelerator, where slower H atoms were
targeted.)35,36
IV. CONCLUSIONS
It has been experimentally demonstrated that a magnetic guide
can filter the state-selected H atoms of interest from all other com-
ponents of a beam. No other species—H atoms in non-guided states
or other contaminant species present in the initial beam—are trans-
mitted through to the detection region. The MRF also preferen-
tially transmits H atoms traveling at a selected target velocity. The
experimental results are supported by particle trajectory simulations,
enabling the properties of the filtered beam to be evaluated. Our
calculations indicate that the magnetic guide could be utilized to
generate state-selected low-velocity beams of a range of other radical
species, such as OH molecules, by including Halbach arrays with dif-
ferent properties. This work presents the first experimental evidence
that the MRF can operate as a stand-alone radical beam filter. Fol-
lowing a number of proposed improvements, a second-generation
MRF (specifically designed to operate as a stand-alone device) is
expected to achieve even greater velocity selectivity and versatility.
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